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Introduction
Chronic injury to bile duct epithelial cells (BDECs) occurs in humans with cholestatic liver disease and is modeled in mice by exposure to the toxicant alpha-naphthylisothiocyanate (ANIT). Transport of ANIT into the bile by hepatocytes injures intrahepatic BDECs (Dietrich et al., 2001) , and exposure of mice to ANIT in the diet causes compensatory biliary hyperplasia, elevation in serum bile acids, portal lymphocytic inflammation, and mild to moderate hepatocellular injury (Tjandra et al., 2000; Xu et al., 2004; Sullivan et al., 2010; Golbar et al., 2013) . Prolonged ANIT exposure in mice models progressive liver fibrosis characterized by exaggerated peribiliary collagen deposition (Tjandra et al., 2000; Xu et al., 2004; Sullivan et al., 2010; Golbar et al., 2013) . BDEC injury in this model is associated with tissue factor-dependent activation of the blood coagulation cascade and increased plasma levels of the coagulation protease thrombin (Sullivan et al., 2010) . This increase in thrombin activity is associated with the deposition of insoluble fibrin clots in livers of mice fed ANIT diet (Luyendyk et al., 2011) .
Notably, increased plasma thrombin levels and hepatic fibrin deposition are also features of chronic cholestatic liver disease in humans (Segal et al., 1997; Luyendyk et al., 2011) .
The formation and degradation of fibrin clots is a balanced and highly regulated process.
The coagulation protease thrombin cleaves soluble fibrin(ogen) to fibrin monomers, and activates coagulation factor XIII, which cross-links fibrin monomers to form insoluble fibrin clots. Fibrin is degraded in a process termed fibrinolysis, largely by the enzyme plasmin, which is generated from plasminogen (Lesage et al., 2001) . Although fibrin deposition is an inevitable consequence of tissue injury, its regulation and impact in liver disease is not completely understood (Tripodi and Mannucci, 2007 ). Previously, we found that fibrin(ogen) deficiency increased hepatocellular necrosis in mice fed ANIT diet (Luyendyk et al., 2011) . This suggests a
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protective role for hepatic fibrin deposition in this model of cholestatic liver injury, and that modulating fibrin degradation (i.e., inhibiting fibrinolysis) could prevent the progression of ANIT-induced liver injury and fibrosis.
Complete plasminogen deficiency impaired liver remodeling and regeneration in a model of carbon tetrachloride hepatotoxicity in a fibrin-independent manner (Bezerra et al., 1999; Bezerra et al., 2001; Pohl et al., 2001) . In contrast, acetaminophen hepatotoxicity was reduced in plasminogen-null mice (Sullivan et al., 2012b) , suggesting the role of plasmin is injury/modeldependent. Plasminogen activator inhibitor-1 (PAI-1) is a primary physiological inhibitor of fibrinolysis, via inhibition of the urokinase and tissue plasminogen activators, uPA and tPA, respectively (Iwaki et al., 2012) . Plasmin activity can be reduced pharmacologically by administration of tranexamic acid (TA), a drug that inhibits conversion of plasminogen to plasmin (Iwamoto, 1975) . TA is an FDA-approved hemostatic agent for the treatment of traumatic bleeding and is also available over-the-counter elsewhere for indications such as heavy menstrual bleeding (Dunn and Goa, 1999; McCormack, 2012) . As a hemostatic agent, TA is reported to have a favorable safety profile for existing indications Muse et al., 2011) , and has been demonstrated as an inexpensive and effective treatment for traumatic bleeding, as suggested recently by the multicenter CRASH-2 trial (Roberts et al., 2011) . In agreement with our findings in plasminogen-null mice, administration of TA also attenuated acetaminophen hepatotoxicity in mice, albeit to a lesser extent (Sullivan et al., 2012b) . However, the impact of TA treatment on chronic liver injury has not been broadly investigated in humans or animal models.
We determined the impact of TA treatment on ANIT diet-induced liver injury and the progression of ANIT diet-induced liver fibrosis in mice, and compared this to the effect of PAI-1 ANIT diet model and pharmacological intervention: Custom diets were prepared by Dyets, Inc.
Materials and Methods
Mice
(Bethlehem, PA). The ANIT diet was an AIN-93M purified diet containing 0.025% ANIT (Sigma-Aldrich, St. Louis, MO). The control diet was the purified AIN-93M diet. Groups of mice were fed each diet for a total of 2 weeks (Expt. 1) or 4 weeks (Expt. 2), ad libitum. For Expt. 1, TA (1200 mg/kg, ip, bid; USP Grade) (Spectrum Chemical Company, New Brunswick, NJ) or its vehicle (sterile endotoxin-free water) was administered for the study duration. This dose was selected as approximating the range of TA doses utilized in previous mouse studies (Hattori et al., 2000; Sullivan et al., 2012b) , and was well tolerated by the mice. The dose required in mice is higher than the recommended human dose (4 grams/day), owing to the rapid elimination of TA in the kidney by glomerular filtration (Eriksson et al., 1974 TA-treated mice, the time to 50% clot lysis was determined for each sample, and compared to a standard curve generated by spiking the pooled plasma with various concentrations of TA prior to clot formation.
Immunofluorescent staining of mouse tissues and quantification: Fibrin, Type 1 collagen and cytokeratin-19 (CK19) immunostaining and quantification were performed as described previously (Sullivan et al., 2010) . In brief, approximately 10 low-power images (100X) for each tissue section were captured in a random and masked fashion and were analyzed using Image J Compared to WT mice fed control diet for 4 weeks, marked hepatic fibrin deposition occurred in ANIT-treated WT mice (Fig. 1A) . Similar hepatic fibrin deposition has been reported previously in mice fed ANIT diet for 2 weeks (Luyendyk et al., 2011) . Interestingly, we did not observe a statistically significant increase in hepatic fibrin deposits in TA-treated mice (data not shown). The effect of TA treatment on fibrin clot lysis was analyzed ex vivo utilizing a fibrin clot turbidity assay. Compared to fibrin clots generated with plasma from vehicle-treated mice fed ANIT diet, fibrin clot lysis time was markedly prolonged when clots were generated with plasma from TA-treated mice fed ANIT diet (Fig. 1B) . The time to reduce peak fibrin clot turbidity by 50% was determined and compared to a standard curve generated by spiking normal pooled plasma with TA (not shown). This analysis yielded a plasma concentration of approximately 0.2 mg/L TA, roughly 16 hours after the last dose of drug. This is similar to levels observed at this time after administration of a therapeutic dose of TA in humans (Eriksson et al., 1974; Pilbrant et al., 1981) .
Effect of TA treatment on liver histopathology in mice fed ANIT diet for 2 weeks.
No lesions were identified in livers of mice fed control diet for 2 weeks, irrespective of TA treatment ( Fig. 2A) . Vehicle-treated mice fed ANIT diet for 2 weeks developed liver injury characterized by multifocal acute hepatocellular coagulative necrosis and inflammation (6 of 7 mice), mild peribiliary fibrosis, and moderate lymphocytic inflammation/bile duct epithelial hyperplasia (7 of 7 mice) ( Fig. 2A-B ), in agreement with previous studies (Tjandra et al., 2000;  This article has not been copyedited and formatted. The final version may differ from this version. Lesage et al., 2001; Sullivan et al., 2010) . Treatment with TA reduced liver necrosis and inflammation in mice fed ANIT diet ( Fig. 2A-B) , as indicated by a reduction in the number of mice with evidence of necrosis and inflammation (3 of 6 mice), and a reduction in the average necrosis severity score from 1.8 in vehicle-treated mice to 0.5 in TA-treated mice. This corresponded to approximately a 50% reduction in necrotic area in TA-treated mice. Serum ALT activity and bile acid concentration increased in vehicle-treated mice fed ANIT diet ( Fig. 2C-D) .
Serum ALP activity did not increase in ANIT-treated mice (not shown). Treatment with TA tended to reduce serum ALT activity, although this did not achieve statistical significance (p=0.1; Fig. 2C ). Treatment with TA did not affect serum bile acid concentration in mice fed ANIT diet (Fig. 2D) .
Effect of TA treatment on hepatic profibrogenic gene induction and Type 1 collagen deposition in mice fed ANIT diet for 2 weeks.
Peribiliary fibrosis and induction of several profibrogenic genes is evident in livers of mice fed ANIT for 2 weeks (Sullivan et al., 2010) . We chose to evaluate the expression of mRNAs encoding gene products that are known to participate in liver fibrosis accompanying cholestasis (eg., TIMP1, ITGB6, TGFβ), as an initial screen to identify profibrogenic pathways controlled by plasmin. Although it reduced liver injury, TA treatment did not significantly inhibit the induction of TIMP1, ITGB6, TGFβ1 or TGFβ2 mRNAs in livers of mice fed ANIT diet for 2 weeks ( Fig. 3A-D) . Moreover, the induction of COL1A1 mRNA ( Next, we determined the effect of TA treatment on the progression of ANIT diet-induced liver injury and fibrosis. Mice were fed ANIT diet for 4 weeks, and given either TA or vehicle beginning in week 3. Liver histology was unremarkable in vehicle-treated mice fed control diet for 4 weeks. Tranexamic acid treatment in mice fed control diet tended to increase hepatocellular vacuolization, suggestive of glycogen or lipid droplets (Fig. 4A) . Coagulative necrosis and inflammation were observed in livers of vehicle-treated mice fed ANIT diet for 4 weeks ( Fig.   4A-B) . However, the frequency (~50% mice with necrosis) and severity (average score 1 [mild])
were reduced compared to mice fed ANIT diet for 2 weeks. Nonetheless, intervention with TA treatment beginning in week 3 tended to reduce necrosis and peribiliary inflammation in mice fed ANIT diet (Fig. 4A-B) . Analysis of liver histopathology revealed moderate biliary hyperplasia and portal inflammation in vehicle-treated mice fed ANIT diet (average score 2), whereas these changes were noted to be mild in TA-treated mice fed ANIT diet (average score 1.1) (Fig. 4B) . Serum ALT activity increased significantly in vehicle-treated mice fed ANIT diet.
TA treatment tended to reduce serum ALT activity in mice fed ANIT diet (Fig. 4C ), but this did not achieve statistical significance (p=0.2; Fig. 4C ). TA treatment did not impact serum bile acid concentration in mice fed ANIT diet (Fig. 4D) . BDEC hyperplasia was evaluated by immunofluorescent staining of cytokeratin 19 (CK19), a biomarker of BDECs in mouse liver ( Fig. 5A-B) . As determined by morphometry, the area of CK19 staining increased approximately 2.5-fold and 4.5-fold in livers of mice fed ANIT diet for 2 weeks and 4 weeks, respectively ( Compared to mice fed control diet, expression of ITGB6, TGFβ1, TGFβ2, and TIMP1 mRNAs was increased in livers of mice fed ANIT diet for 4 weeks (Fig. 6A-D) . The expression of each mRNA was notably higher than the increase observed after 2 weeks of ANIT diet (Fig.   3 ). TA treatment did not impact the expression of ITGB6 or TGFβ1 mRNAs in mice fed ANIT diet ( Fig. 6A-B) . In contrast, TA treatment reduced TGFβ2 (P=0.08) and TIMP1 (P<0.05) mRNA expression in livers of mice fed ANIT diet ( Fig. 6C-D) . Type 1 collagen mRNA expression increased approximately 7-fold in mice fed ANIT diet for 4 weeks compared to mice fed control diet (Fig. 7C ). This was approximately doubled compared to mice fed ANIT diet for 2 weeks. In agreement, Type 1 collagen protein deposition increased significantly in livers of mice fed ANIT diet for 4 weeks, as indicated by Type 1 collagen immunofluorescence and sirius red staining (Fig. 7A-B) . Administration of TA significantly reduced COL1A1 mRNA and protein levels in mice fed ANIT diet ( Fig. 7A-C) . Collagen deposition was reduced by TA treatment to a level similar to mice fed ANIT diet for 2 weeks (Fig. 7A-B) .
PAI-1 deficiency increases peribiliary fibrosis in mice fed ANIT diet for 4 weeks.
To complement our TA experiments, we examined the role of PAI-1 in ANIT-induced liver injury and fibrosis. PAI-1 -/-mice are viable and do not have evidence of liver pathology (Carmeliet et al., 1993) . Compared to ANIT-treated WT mice, histological changes including biliary hyperplasia and peribiliary inflammation were increased in ANIT-treated PAI-1 -/-mice ( Fig. 8A-B) . PAI-1 deficiency did not dramatically increase liver necrosis in ANIT-treated mice, This article has not been copyedited and formatted. The final version may differ from this version. as indicated by liver histopathology (Fig. 8A-B ) and serum ALT activity (Fig. 8C) . Hepatic COL1A1 and α -SMA mRNA levels increased approximately 2-fold in ANIT-treated PAI-1 -/-mice compared to ANIT-treated WT mice, but this did not achieve statistical significance (Fig.   8D ). However, peribiliary Type 1 collagen protein deposition increased significantly (~3-fold) in livers of ANIT-treated PAI-1 -/-mice compared to ANIT-treated WT mice (Fig. 8E ).
This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
Hepatic fibrin deposition is evident in patients with chronic cholestatic liver disease (Luyendyk et al., 2011) and in rodent models of chronic cholestasis (Wang et al., 2007c; Luyendyk et al., 2011) Genetically imposed loss of fibrin(ogen) increases hepatic inflammation and injury in mice fed ANIT diet (Luyendyk et al., 2011) . A parallel extension would suggest that uncontrolled fibrinolysis could contribute to the progression of liver disease. Clinical studies suggest exaggerated fibrinolysis in patients with liver disease, as indicated by elevated D-dimer levels, a product of fibrin degradation (Paramo et al., 1991; Pernambuco et al., 1993; Violl et al., 1996) . Moreover, reductions in the primary inhibitors of fibrinolysis, thrombin-activatable fibrinolysis inhibitor and alpha2-antiplasmin, have been noted in patients with liver disease (Marongiu et al., 1985; Van Thiel et al., 2001; Colucci et al., 2003; Gresele et al., 2008) .
Preserving residual hepatic fibrin deposition could form a potential strategy to reduce the progression of chronic liver disease. Our proof-of-principle study suggests that a relatively short duration of TA treatment, at plasma levels approximating those observed in humans given TA, reduces multiple aspects of cholestatic liver injury in mice. Indeed, more prolonged treatment with TA could yield more robust protection. Because TA is already FDA-approved in the U.S., and is available over-the-counter internationally for other indications, it may be a potential candidate to repurpose for the treatment of liver disease.
Our previous studies showed that fibrin(ogen) protects the liver from chronic ANIT dietinduced cholestatic liver injury. Thus, one mechanism whereby TA treatment could reduce ANIT-induced liver injury is by inhibiting plasmin-mediated fibrinolysis, thereby stabilizing hepatic fibrin deposits. Our results indicate that plasma TA levels in TA-treated mice sufficiently prolonged clot lysis ex vivo, consistent with inhibition of plasmin, and were similar to those This article has not been copyedited and formatted. The final version may differ from this version. observed in TA-treated humans (Eriksson et al., 1974; Pilbrant et al., 1981) . Although TA treatment likely sustained hepatic fibrin deposition in ANIT-treated mice, we were unable to detect a significant increase in hepatic fibrin deposition in ANIT-treated mice given TA. One reason is potentially because the extent of hepatic fibrin deposition represents the net balance between thrombin-driven fibrin formation and plasmin-mediated degradation. In TA-treated mice, there was likely a reduction in injury-driven coagulation and deposition of fibrin in necrotic areas, complicating analysis of overall fibrin deposition. Nonetheless, additional studies are required to determine if fibrin is required for the protective effects of TA in chronic ANITinduced liver injury.
It is possible that fibrin(ogen)-independent effects of plasmin contribute to liver pathology in this model. For example, plasmin has been shown to promote the activation of inflammatory cells, including neutrophils (Syrovets et al., 2012) , which contribute to liver necrosis induced by cholestasis (Gujral et al., 2003) . activated receptor-1 reduced fibrosis without reducing hepatocellular necrosis in mice fed ANIT diet (Sullivan et al., 2010) . Early growth response-1-null mice develop markedly increased ANIT diet-induced liver fibrosis without a corresponding exacerbation of hepatocyte injury (Sullivan et al., 2012a) . Moreover, analogous to our findings with TA treatment, fibrin(ogen) deficiency increased hepatocyte injury at this time without affecting hepatic collagen expression (Luyendyk et al., 2011) . This dichotomy likely stems from BDECs being the primary cellular target of ANIT. These cells undergo a compensatory expansion in mice exposed to ANIT (Lesage et al., 2001 ). The expression of integrin α V β 6 is increased on proliferating BDECs in vitro and in mice fed ANIT diet (Patsenker et al., 2008; Sullivan et al., 2010) . Previous studies have demonstrated that activation of latent-TGFβ1 by α V β 6 integrin contributes to peribiliary fibrosis in models of cholestatic liver injury (Wang et al., 2007a; Patsenker et al., 2008; Sullivan et al., 2010) .
Peribiliary collagen deposits likely represent early activation of portal fibroblasts by TGFβ1 (Dranoff and Wells, 2010; Lee and Friedman, 2011) . Overall, the results suggest that plasmin is not a critical mediator of the initial, peribiliary profibrogenic changes in mice fed ANIT diet.
Although TA treatment did not inhibit the early profibrogenic response to ANIT, it largely prevented the progression of liver fibrosis in mice fed ANIT diet for 4 weeks. A failure to resolve persistent liver damage in mice fed ANIT diet could result in more extensive collagen deposition. Moreover, the reduction in biliary hyperplasia by TA treatment could be the basis for reduced fibrosis. Proliferating BDECs are known to produce a number of profibrogenic mediators that coordinate matrix production by surrounding portal fibroblasts (Sedlaczek et al., 2001 ). Although these resident fibroblasts likely contribute to liver fibrosis in this model, engagement of accumulating bone-marrow derived fibrocytes cannot be excluded (Kisseleva et al., 2006) . In our initial screen of profibrogenic pathways affected by plasmin, we found that integrin that activates latent-TGFβ1. Although TA treatment did not impact expression of TGFβ1 mRNA levels, plasmin has been shown to enzymatically activate latent-TGFβ1 (Lyons et al., 1990; Khalil et al., 1996) , and plasmin-catalyzed TGFβ1 activation has been implicated in other models of fibrosis (Lyons et al., 1990; Zhang et al., 2007) . Collectively, additional studies investigating plasmin-driven profibrogenic protein expression and function are required, as these studies suggest multiple mechanisms whereby TA could inhibit liver fibrosis.
The role of PAI-1 in models of liver injury and disease has been extensively studied. For example, PAI-1 deficiency increases liver injury in models of acetaminophen and carbon tetrachloride hepatotoxicity (von Montfort et al., 2010; Sullivan et al., 2012b) . In agreement with our finding that inhibition of fibrinolysis with TA reduces ANIT-mediated liver injury and fibrosis, we found that PAI-1-deficiency increased ANIT diet-induced liver injury and fibrosis.
In contrast, PAI-1 -/-mice were protected from alcohol-induced liver damage (Bergheim et al., 2006b ), Moreover, PAI-1 deficiency reduced liver injury and fibrosis in mice subjected to bile duct ligation (BDL), a model of extrahepatic obstructive cholestasis (Wang et al., 2005; Bergheim et al., 2006a) . However, the role of fibrin(ogen) in BDL-induced liver injury and fibrosis has not been described, with the reduction in hepatic fibrin in PAI-1 -/-mice after BDL (Wang et al., 2005) likely a reflection of reduced liver injury. Indeed, PAI-1 deficiency did not affect plasmin activity in BDL mice (Wang et al., 2007b) . Moreover, PAI-1 deficiency was shown to protect BDL mice by enhancing tPA-mediated activation of hepatocyte growth factor, a process not directly impacting fibrinolysis (Wang et al., 2007c) . Additional studies are required 
